Abstract-This paper presents compact dual/tri-band bandpass filters (BPFs) with controllable frequency and high selectivity for WLAN applications. A stepped impedance resonator with a shorting stub and a uniform impedance resonator with an open stub are applied in the designs. Several techniques that can generate transmission zeros are combined to improve the frequency selectivity. The resonators and the proposed filters are characterized by full-wave simulations. To validate the design strategies, a dual-band BPF centered at 2.4 GHz and 5.2 GHz was first designed. With a minor modification, a tri-band BPF centered at 2.4 GHz, 5.2 GHz and 5.8 GHz was then developed. Both simulations and measurements were carried out to demonstrate the effectiveness of the designs. Good agreements are achieved.
INTRODUCTION
Microwave multi-band filter has been an attractive issue due to the increasing demand of wireless communication systems operating in multiple separate frequency bands [1] . Many researchers' attention has been gained in recent years to develop multiband bandpass filters (BPFs) with compact size, planar configuration, and high selectivity performance. More and more dual-band and tri-band filters with various configurations appear in literatures. The stepped impedance resonators (SIR) have been well investigated and were reported to develop multiband BPFs [2] [3] [4] [5] [6] [7] [8] , due to their multiband behavior, simple structure and well established design methodology. Several different resonators can be combined with a common feeding structure to obtain a multiband BPF [7] . However, such a BPF will normally have a large size. Multi-mode resonators are also proposed for multiband applications [8] [9] [10] . Flexibly controlling or tuning the passbands within the BPFs and high frequency selectivity are the basic requirements for this kind of BPFs. Therefore, controlling or generating transmission zeros is another crucial technique [11] [12] [13] [14] [15] [16] for high performance multiband BPFs.
In this paper, a dual-band BPF centered at 2.4 GHz and 5.2 GHz was first developed by using two different resonators for the WLAN application. Based on it, an improved version, a tri-band BPF centered at 2.4 GHz, 5.2 GHz and 5.8 GHz was then implemented. Compared with other multiband filters based on multiple resonators, with a common feeding structure, the proposed filters have much smaller sizes. To improve the frequency selectivity of the two BPFs, a special coupling structure is utilized among the two resonators and the feedlines, resulting in five transmission zeros distributing on the upper and lower sides of the passbands. By tuning or changing the sizes of the two resonators, the passbands can be tuned or changed to other frequencies for different applications. based on the SIR with a shorting stub, while Resonator 2 is based on the uniform impedance resonator (UIR) with an open stub. The coupling structure is located between the two resonators. Fig. 2 shows the coupling or the transmission structure of the dual-band BPF, where R 1 and R 2 represent Resonators 1 and 2, respectively. Passages 1 and 2 stand for the two passbands respectively.
Both resonators can be initially considered as a microstrip half-wavelength resonator with an open stub and that with a shorting stub, as shown in Figs. 3(a) and 3(b) respectively, which can be theoretically characterized using the theory of even/odd-mode analyses, as detailed in [13] . In this paper, the two standard resonators have been modified so that high selectivity or more transmission zeros can be obtained in the proposed BPFs. The characterization of the two modified resonators will be carried out using the Ansys HFSS.
The two modified resonators were first characterized separately, using the coupling structure shown in Fig. 1 . The two passbands under consideration are centered at 2.4 GHz and 5.2 GHz, respectively. The substrate applied to the study has a thickness of 0.8 mm and a relative dielectric constant of 2.55. After the initial study, the values of the filter parameters, shown in Fig. 1 , are: ) respectively. It can be seen that passbands centered at 2.5 GHz and 5.6 GHz are generated over the frequency band concerned in Figs. 4(a) and 4(b) respectively, demonstrating the effectiveness of the two resonators. The two resonators were then combined to construct a dual-band filter using the same coupling structure, as shown in Fig. 1 . Fig. 5(a) shows the simulated frequency responses for the proposed dual-band filter. The parametric study was also carried out. Fig. 5 (a) also shows the results of the filter when changing the length L 1 of the open stub. As can be seen, the second passband can be shifted within an appropriate range while the first passband is not affected by changing parameter L 1 . To illustrate the frequency shifting clearly, the frequency responses in the upper band are plotted separately in Fig. 5(b) . Similar phenomena can be obtained for the first passband when varying the length of the shorting stub. Therefore, the required two passbands can be obtained using the proposed filter.
The methods of generating transmission zeros were also studied and applied to the proposed filter. Four techniques in total are considered. The first is the use of a pseudo interdigital resonator, which is applied to Resonator 2. The second is to change the position of the high order harmonic to generate transmission zeros by appropriately folding the transmission line, as shown in Resonator 1. It can be seen in Fig. 4 (a) that two transmission zeros are generated by appropriately folding the transmission line, much improving the frequency selectivity of the dual-band BPF. The third is that the direct-coupling between the two resonators or the direct-coupling between the source and the load. These can produce two or three transmission zeros. By increasing the length of the source line and load line, the directcoupling between the source and the load is increased. Due to the coupling among the feedlines and the resonators, the transmission path is extended, resulting in more transmission zeroes and improving the transmission characteristics of the passbands. The last is to load an open or a shorting stub to produce transmission zeros. Note that the loading stubs should not be too long, otherwise it will cause unnecessary coupling.
Here the first method was tested numerically. As shown in Fig. 6(a) , the simulated transmission coefficients of the dual-band BPFs, with and without the pseudo interdigital stubs, have different transmission zeros. Two more transmission zeros are observed for the result of the BPF with the pseudo interdigital stubs, making it possessing the better frequency selectivity in the operating band. Fig. 6(b) shows the transmission coefficients of the dual-band BPFs with and without the shorting stub. It can be seen that more transmission zeros are obtained for the BPF with a shorting stub.
The proposed filter comprehensively utilizes the above four methods. As expected and shown in Fig. 5 , five transmission zeros are generated in the design, which greatly improve the frequency selectivity of the filter. Finally, a dual-band BPF centered at 2.4 GHz and 5.2 GHz was designed. The proposed filter is implemented on a substrate having a thickness of 0.8 mm and a relative dielectric constant of 2.55. The full-wave commercial software Ansys HFSS was applied to tune and optimize the designed filter. The realized final parameters are: A prototype, shown in Fig. 7 , was fabricated and tested. Both simulation and measurement results are illustrated in Fig. 8(a) , for comparison. To illustrate the passbands clearly, the frequency responses of the results are plotted in the two passbands separately in Fig. 8(b) . As can be seen, the agreements between them are very well. The center frequencies of the two passbands are about 2.4 GHz and 5.2 GHz, respectively. The return losses in the two passbands, from both simulations and measurements, are better than 15 dB. The simulated insertion losses are about 0.3 dB and 0.8 dB at the first and second passbands, respectively, with the fractional bandwidths of about 7.4% (2.35-2.53 GHz) and 4% (5.15-5.36 GHz), respectively, while measured ones are 0.9 dB and 1.2 dB for the two bands, respectively, with the bandwidths of about 4.5% (2.39-2.5 GHz) and 4.6% (5.12-5.36 GHz), respectively. In addition, five transmission zeros are located respectively at 1.78 GHz, 2.65 GHz, 4.69 GHz, 5.58 GHz and 5.86 GHz, much improving the frequency selectivity and the isolation of the dual-band BPF. 
TRI-BAND FILTER DESIGN
Based on the above dual-band BPF, a tri-band BPF was further developed for WLAN applications. In this case, the second resonant mode of Resonator 1 is excited and hence it resonates at dual modes. The configuration of the proposed tri-band BPF is shown in Fig. 9 . Compared with the dual-band one, two identical stubs are symmetrically loaded on the source and load transmission lines. As shown in Fig. 9 , the loading stubs surround the two ports of Resonator 1, together with the source and load coupling lines. Here the results in Fig. 4(a) , which only exhibits a single resonant mode, was tested again. In this case, two identical stubs are symmetrically loaded on the source and load transmission lines, as shown in the inset of Fig. 10 . The simulated results, shown in Fig. 10 , exhibit that the second resonant mode is excited, demonstrating that the new coupling structure and Resonator 1 exhibit a dual-mode operation. Due to the second mode resonates at a frequency close to 6 GHz, a tri-band BPF centered at 2.4 GHz, 5.2 GHz and 5.8 GHz are expected for the WLAN application. After combining the new dual-mode resonator with Resonator 2 to construct a new BPF, which has the configuration shown in Fig. 9 , a tri-band BPF result was achieved and plotted in Fig. 11 . It can be seen that the third passband can be obtained by loading two identical stubs on the source and load transmission lines, symmetrically on the two sides of Resonator 1, while the positions of the original two passbands will not change. Through varying the length (L t ) of the two stubs, the third passband can be minor tuned, as depicted in Fig. 11 . In the design, most dimensions of the tri-band BPF are the same as those of the previous dual-band one, except for those of the two loading stubs and the width of the coupling lines.
In the final design, we have L t = 6 mm, W t = 0.7 mm, S t = 0.2 mm, and W 5 = 0.6 mm. To clearly illustrate the tri-band BPF result, the current distributions on the BPF at the three resonant frequencies 2.4 GHz, 5.2 GHz and 5.8 GHz are plotted in Fig. 12 respectively, which clearly demonstrate that the strong current, representing the strong resonance, appears on Resonator 1 at 2.4 GHz, Resonator 2 at 5.2 GHz and both Resonator 1 and the two loading stubs at 5.8 GHz.
A prototype of the tri-band BPF was also fabricated for testing, whose photograph is shown in Fig. 13 . The simulated and measured reflection and transmission coefficients are plotted in Fig. 14(a) . The frequency responses of the reflection and transmission coefficients in the three passbands are also shown separately in Fig. 14(b) , to give a clear illustration. Good agreements between the simulations and the measurements are also obtained. Three passbands, all with sharp rejection, are realized by properly adjusting the location of transmission zeros. The simulated 3-dB bandwidths of the passbands Figure 9 . Layout of the proposed tri-band BPF. 
CONCLUSIONS
Compact dual/tri-band BPFs for WLAN applications, based on two resonators, were successfully developed, fabricated and tested. By appropriately arranging the two resonators and the source and load transmission coupling lines, a dual-band BPF centered at 2.4 GHz and 5.2 GHz was obtained. Through further symmetrically loading two stubs on the source and transmission lines, the third passband can be obtained, without affecting the original two passbands, and hence a tri-band BPF centered at 2.4 GHz, 5.2 GHz and 5.8 GHz for the WLAN application was achieved. To improve the performance of the frequency selectivity, four techniques in total are applied to the designs, resulting in five transmission zeros. Good agreements between simulations and measurements are achieved, demonstrating the effectiveness of the designs. The measured maximum insertion losses were better than 1.2 dB for the dual-band BPF and 2 dB for the tri-band BPF, with return losses better than 14 dB and sizes about 0.2λ g × 0.2λ g for both BPFs. As a result, compact and high-selectivity dual/tri-band BPFs for WLAN application are successfully developed.
